We propose a new model of single-field D-term inflation in supergravity, where the inflation is driven by a single modulus field which transforms non-linearly under the U(1) gauge symmetry. One of the notable features of our modulus D-term inflation scenario is that the global U(1) remains unbroken in the vacuum and hence our model is not plagued by the cosmic string problem which can exclude most of the conventional D-term inflation models proposed so far due to the CMB observations. *
Introduction
The cosmic inflation offers one of the most compelling paradigms for the early universe [1, 2] , which is supported by the cosmological observables such as the Cosmic Microwave Background (CMB) [3, 4] . Many of the proposed inflation models have been studied in the framework of supergravity because of the high energy scale involved in the inflation dynamics.
Among the popular supergravity inflation scenarios are called the D-term inflation models, where the D-term scalar potential provides the energy density responsible for the inflation dynamics. Models of this sort boast of an evident advantage that the inflaton field does not obtain the mass of the order Hubble scale from the higher dimensional corrections (hence spoiling the slow-roll conditions, so called η−problem) from which the F-term dominated inflation models suffer.
The D-term inflation models with a U(1) gauge symmetry were originally proposed in Ref. [5] [6] [7] , and most of the D-term inflation models proposed so far involve the multiple field dynamics conventionally categorized as a hybrid inflation model. The D-term hybrid models, however, encounter a serious problem in the light of the recent CMB observations due to the inevitable cosmic string formation at the end of inflation through the U(1) symmetry breaking [8] [9] [10] [11] [12] [13] . Despite many attempts to suppress the cosmic string contributions to the CMB observables [14] [15] [16] [17] [18] [19] [20] , few viable models of the D-term hybrid inflation exist in the literature [21] [22] [23] [24] . 1 The chaotic inflation models based on the D-term potential also have been discussed [26] [27] [28] , where a matter charged under the U(1) gauge symmetry is identified as the inflaton and its dynamics is governed by the D-term potential. The U(1) symmetry is broken during the inflation and is never restored afterwards, hence such a D-term chaotic inflation is free from the cosmic string problem which the conventional D-term hybrid inflation models typically suffer from. It would be worth exploring the realization of the D-term inflation scenarios even further in view of the growing cosmological data in prospect and its possible UV completion for the model consistency, and we propose, in this paper, a new type of D-term single-field inflation where a modulus associated with the U(1) gauge symmetry plays the role of the inflaton. In clear contrast to the previously proposed D-term inflation models, the global U(1) remains unbroken in the vacuum in our scenario and our modulus D-term inflation hence is free from the cosmic string problem. Following the model setup of our scenario, we present the detailed dynamics and consequences of our modulus D-term inflation models to illustrate the consistency with the latest CMB data. The discussion section includes a brief comment on embedding our model into superstring theories.
Model
Let us begin our discussions by presenting the setup of our model. In the following discussions, the reduced Planck scale is set to unity. We consider the supergravity model with a U(1) gauge symmetry. We denote the U(1) vector multiplet by V, whose gauge kinetic function is obtained
Here, T denotes a modulus superfield, and f 0 as well as ρ is constant, which we set real and positive for simplicity. The constant f 0 would correspond to the vacuum expectation value (VEV) of another modulus, which is stabilized above the inflation scale. Here, we use the convention that we denote a chiral superfield and its lowest scalar component by the same letter. The Kähler potential of T in our model is given by
with a real constant n. Furthermore, T transforms non-linearly as T → T − mΛ with a real constant m under the U(1) transformation V → V + Λ +Λ (Λ is a chiral superfield). Thus, the U(1) invariant Kähler potential is written by
That induces the T -dependent D-term, D = −mn/(2τ ) + · · · , where
for the scalar component of the superfield T . Also, we assume an additional constant FayetIliopoulos (FI) term, ξ. That is, the D-term is written by
The FI term, ξ, would be generated at an energy scale higher than the inflation scale by strong dynamics or VEV of another modulus, which is stabilized by a mass heavier than the inflation scale. Moreover, matter fields φ charged under the U(1) gauge symmetry are set to vanish during the inflation. In our model τ is identified with the inflaton. We set the superpotential such that the D-term scalar potential is dominant and we can neglect the F-term scalar potential. Then, the inflationary dynamics is governed by the D-term potential,
In the conventional D-term inflation, the inflation terminates in the waterfall manner and the U(1) gauge symmetry is broken. Then, cosmic strings can be produced after the inflation, which severely conflicts with the CMB observations. In our scenario proposed in this paper, the U(1) gauge field becomes massive eating the axionic component of T . 2 The minima of the potential correspond to τ = mn/(2ξ) and τ → ∞ for mn/ξ > 0, while the minimum corresponds to τ → ∞ for mn/ξ < 0. At the minimum, τ = mn/(2ξ), the D-term vanishes. Thus, at this vacuum, any chiral scalar fields φ do not develop VEVs and the global U (1) symmetry remains. The other case, τ → ∞, is a runaway vacuum, where the D-term remains finite. Some chiral fields φ may develop their VEVs, and global symmetries would be broken. Then, cosmic strings may be generated, but its tension may be reduced along τ → ∞. These are important features of our scenario different from the others D-term inflation scenarios, in particular the conventional hybrid D-term inflation scenario.
We now discuss the inflation dynamics in our scenario, and let us introduce the following re-parameterizations for convenience
Note that all of them are the ratios of model parameters, and, as we illustrate in the followings, this set of parameters (A, B, C) can characterize the inflation dynamics. For instance, the actual values of (m, n) do not affect the inflation dynamics as long as (A, B, C) stay same. From a string-theoretical point of view, we expect m, n = O(1) and the precise values of (m, n) of the order unity do not affect the discussion of our scenario. The scalar potential is now given by
and its first derivative V τ =
∂V ∂τ
consequently reads
We can see from this expression that the scalar potential has two vacua for A > 0 as mentioned above, i.e., τ = A/2 and τ → ∞.
The slow roll parameters are calculated as
where V ′ and V ′′ represent the first and second derivatives of V with respect to the canonically normalized inflaton τ can defined by
One can see that the slow roll conditions are satisfied in some parameter regions, e.g., A ≪ τ ≪ B, to be quantitatively demonstrated later. These slow roll parameters describe the spectral tilt and the tensor-to-scalar ratio as
Note that the tilt and the tensor-to-scalar ratio are independent of C which in turn can be set for the desirable fluctuation amplitude.
There are two parameter regions where we can find plausible inflationary trajectories: i) A > 0 and B, C > 0, ii) A < 0 and B, C > 0. Note that the signs of B and C are always same because the values of f 0 and ξ 2 should be positive. Since the physical value of τ must also be positive, the scalar potential V contains a singularity for B < 0 and we cannot realize the successful inflation. We hence will focus on the aforementioned two regions with a positive B. In Fig. 1 , we show the scalar potential as a function of the canonically normalized inflaton τ can . 
Case 1 : A > 0
We here study the case with A > 0, where the typical form of the scalar potential is shown in the left panel of Fig. 1 . For convenience we introduce the normalized quantities
One can see that the scalar potential becomes almost constant,
In this region, the hilltop pointτ 0 sits around
The inflation terminates when the inflaton goes outside of this flat region. The efolding number under the slow-roll conditions reads
= − n 8 2 logτ + log 2τ 2 − 3τ − 2B + 8B + 5 9 + 16B log 4τ − 3 − 9 + 16B 4τ − 3 + 9 + 16B
where
andτ f represents the end of inflation when the slow-roll condition is violated andτ i represents the field value N efolding before the end of inflation. For the clarity of our presentation in this section, we adoptτ f = ), starting from the hilltop andτ f =B when the inflaton goes towards τ → ∞. We checked and will show explicitly later that this simplicity does not affect the accuracy of the estimation of N by more than a few percent for the parameter range discussed in this section.
Let us first focus on the trajectory towards the minimumτ f = . Since the efolding number and the spectral tilt depend only onτ i ,B, and n for the fixed value ofτ f = (the other region corresponds to the inflaton rolling towards τ → ∞).
The deep (light) blue region corresponds to the 1σ (2σ) range of the CMB data on n s , and we get 50 ≤ N ≤ 60 in the red region.
We find from these figures the following hierarchies,
which gives rise to some predictive results of the inflationary dynamics. First, this simplifies the expression for the efolding number (20) as
For exampleτ i ≈ 100 is predicted for N = 50 and n = 1, which is consistent with the figure.
The expression for the tensor-to-scalar ratio is also simplified as
One can estimate the typical value of r as O(10 −3 ). As we mentioned, the curvature perturbation amplitude,
can be controlled by varying the parameter C. As a result, the parameter should be determined as
where A s = 2.2 × 10 −9 . We have three parameters A,B and C to match three observable quantities (A s , n s , r), which can lead to a large parameter space to realize the observed CMB spectrum.
We propose the reasonable sample values of the parameters, focusing on a theoretical consistency with respect to the magnitude of f 0 and τ f . Starting from the parameterizations (7), one obtains
where we used Eqs. (21) and (25) . Let us focus on the case with m = n = 1 for simplicity. Fig. 3 tells us that the 2σ data of the CMB observation with N = 55 predictsτ i ∼ 110 and B 10 5 . The tensor-to-scalar ratio is then estimated as r ∼ 0.0013. Then, we can estimate f 0 ∼ 10 10 /A 2 by Eq. (26) . That is, we find
Recall that A determines ξ and the minimum τ f , i.e., ξ −1 = 2τ f = A. Here, we useB ∼ 10 
We require that the FI-term ξ should be smaller than the Planck scale, i.e., ξ(= A −1 ) ≤ O(1). This leads to f 0 ≤ 10 10 .
For example, for f 0 ∼ 10 8 , we obtain
Similarly, we obtain ρ ∼ 10
for f 0 ∼ 10 2 . On the other hand, when we set f 0 ∼ τ f = A/2 in Eq. (26), we obtain
For m = n = 1 andB 10 5 , the desirable CMB spectrum arises with
We can easily find the field value ofτ at which one of the slow roll conditions is violated, ǫ = 1 or η = 1, with these input values (ρ = 10 −5 ). Substituting the obtained value intoτ f appearing in Eq. (20), we obtain N = 55.5. This means that our estimation withτ f = 1/2 for simplicity is reliable as mentioned before.
We will investigate the other trajectory in the rest of this subsection, where the inflaton goes towards τ → ∞ and we setτ f =B. Note that this runaway trajectory should be uplifted in order to make the modulus take its finite VEV. We simply assume here that the uplifting can be realized, for instance, by adding the positive exponential term produced by stringy nonperturbative effects to the superpotential, without affecting the inflationary dynamics 3 . Thus we will not specify the details of the uplifting mechanism here. Adoptingτ f =B, we again evaluate the spectral tilt and the efolding number on (B,τ i )-plane as shown in Fig. 4 . Figure 4 : We evaluate n s and N on (B,τ i )-plane for A > 0 when the inflaton rolls in the positive direction. We again adopt n = 1, 2, and 3 in these three panels. The black solid line representsτ i =τ 0 and we are now focusing on a region above this line.
These figures tell us that the hierarchy
is obtained in this trajectory. This is different from Eq. (21) but is no surprising because the initial field value is now larger than what corresponds to the position of the hilltop B . This relation modifies the expressions (23) and (26) as
and
respectively. The hierarchy (36) leads to a tiny value of the tensor-to-scalar ratio also in the present case. Let us again focus on the case with m = n = 1. When we useτ i ∼ 10 3 and B ∼ 10 5 from Fig. 4 , we find f 0 ∼ 10 10 /A 2 . This is the same relation between A and f 0 as Eq. (27) . In addition, we obtain the same relation between ρ and f 0 as Eq. (28) For example, when we set f 0 = τ f , we obtain
Inserting this equation into the above expression for f 0 , we obtain
Since we can see from Fig. 4 thatB/τ i is roughly seen as a constant in the consistent region, the last factor is important. A smaller value ofB is favorable in order to realize moderate values of f 0 and τ f . A lower limit onB is found asB 10 5 . Thus we adoptB = 10 5 , and the value ofτ i is then fixed to satisfy the CMB observation with a proper efolding number leading toτ i = 1000. Eventually the model parameters are determined as
We again estimate the value ofτ at which a slow roll condition is violated, in order to evaluate the efolding number accurately. This leads to N = 54.7 and verifies our expectation that our simplification using N = 55 does not affect our discussions on the inflation dynamics.
Case 2 : A < 0
Next we discuss the model with a negative value of A. In this case, the viable inflationary trajectory would start from the plateau towards τ → ∞. Within the range of the trajectory, the potential shape looks similar to the previous one with A > 0. Indeed, we will obtain a similar result in the following analysis. First, we estimate n s and N on (B,τ i ) and show that in Although Fig. 5 and Fig. 4 look alike, there is a notable difference. Both ofB andτ i are negative because of A < 0 and the two axes correspond to their absolute values. However, the absolute values ofB andτ i are similar to those in Fig. 4 . The efolding number is now given by, whose expression differs from that for the positive A given in Eq. (20) ,
We find that the same hierarchy (36) shows up here as well. Therefore, the consistent CMB observables can be realized by the same parameter values as those for the trajectory towards τ → ∞ in the previous subsection except replacing A → −A.
Conclusion and Discussion
We have proposed a new model of the single-field D-term inflation in the context of supergravity theory, introducing a U(1) gauge symmetry under which a modulus field transforms nonlinearly. Assuming the charged matter fields decoupled or stabilized at the origin, the D-term potential has a plateau flat enough to realize the slow-rolling of the modulus field. Following the quantitative analysis, we have shown that our modulus D-term inflation leads to the inflationary trajectories consistent with the latest CMB data. Our modulus D-term inflation scenarios would open up a new avenue for the inflation model building in supergravity theory. It is of great interest to embed our supergravity model into superstring theory, i.e., stringderived supergravity theory. The modulus value would correspond to a size of the compact space. Only if τ ≥ O(1), the supergravity description would be reliable as the four-dimensional low-energy effective field theory of superstring theory. Our parameter space shown in the previous section corresponds to τ ≥ O(1). Indeed, a rather large value such as τ = O(10) − O(10 4 ) would be favorable. Furthermore, the constants, f 0 and ξ, play important roles in our model. The constant, f 0 , would correspond to a VEV of another modulus T ′ in string-derived supergravity theory. In particular, f 0 would be linear in T ′ , whose VEV may be large, because f 0 is quite large. The FI-term ξ may be given by a VEV of modulus T ′′ , e.g. ξ = c/Re T ′′ , although T ′ and T ′′ might be the same. In this case, T ′′ is also quite large, because ξ is very suppressed. Alternatively, the FI-term ξ could be generated by some strong dynamics. It would be challenging to stabilize T ′ as well as T ′′ with their masses heavier than the inflation scale in order to realize the desired values of f 0 as well as ξ. We will study these issues in our future work.
